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The energy distribution of fast atoms produced by modifying a McIlraith-type fast atom beam 
(FAB) source is measured using a retarding-field energy analyzer coupled with an ionization 
chamber. The energy distribution mainly depends on the gas pressure of the FAB source. When 
the gas pressure is low, the main energy distribution peak coincides with the discharge voltage, 
so the acceleration energy of the ions is retained when they become fast atoms. When the gas 
pressure is high, the peak energy appears at about 25% of the discharge voltage and has a 
broader spectrum. The energy distribution is almost completely independent of the discharge 
voltage, discharge current, and the geometry of the source anode. The fast atoms are mainly 
produced by resonant charge-transfer collisions inside the source. These collisions are dominant 
over electron-ion recombinations for FAB formation. 
1. INTRODUCTION 
. .a 
A fast atom beam (FAB) is defined as energetic neu-. 
tral particles ranging in energy from a few electron volts to 
several thousand electron volts. FAB bombardment can be 
used instead of ion-beam bombardment in sputter deposi- 
tion,lt2 etching,3*4 and surface analysis.5 Using neutral par-- 
titles has the important advantage that the processing is 
independent of the material’s conductivity, since the spec- 
imen surface does not become charged. 1-4 FAB techniques 
are also better for forming fine patterns because there is 
little repulsion between particles in the beam, which causes 
beam spreading in an ion beam. Furthermore~ an FAB 
source does not need a hot filament to induce plasma and 
it has a long operational lifetime when used with reactive 
gases.” 
The fundamental characteristics of an FAB source, 
such as beam current, beam neutralization, and energy. dis- 
tribution, are critical in many applications. However, there 
have been few reports in this area718 and no one has mea- 
sured the energy distribution of the energetic neutral par- 
ticles emitted by an FAB source.? t .~ 
This paper reports the energy distribution of the fast 
atoms and residual ions in a beam emitted by an FAB 
source, measured using a retarding-field energy analyzer 
coupled with an ionizer. Possible mechanisms for the for- 
mation of energetic neutral particles are also discussed. 
II. EXPERIMENTAL PROdE-DURES 
A. FAB source 
The FAB source used for this experiment is schemat- 
ically shown in Fig. 1. It consists of a ring anode, deflec- 
tors, and a tubular cathode 70 mm long and 40 mm in 
diameter. The anode is almost exactly in the middle of the 
tubular cathode. The deflectors are outside one end of the 
cathode, which has a beam-emitting aperture 5 mm in di- 
ameter. The other end has an inlet for introducing the gas 
molecules that will become the energetic neutral beam. An 
axial magnetic field of about 500 G is applied to the cath- 
ode. 
When a positive high voltage is applied to the ring 
anode, cold-cathode discharge occurs between the anode 
and. cathode. Electrons produced during the glow dis- 
charge oscillate at a high-frequency backward and forward 
through the ring anode (Barkhausen-Kurtz oscillation) .l” 
The axial magnetic field increases the path length of the 
electrons by making them travel in a helix about the axis. 
A large number of ions are produced when these electrons 
collide with the gas molecules. These ions are then accel- 
erated towards the ends of the cathode. Most of these ions 
are converted into fast atoms via two processes: the ions 
are neutralized in resonant charge-transfer collisions with 
gas molecules, or recombine with low-energy electrons 
near the cathode ends. The fast atoms thus produced are 
emitted through the aperture in one end of the cathode. 
Most of the residual ions passing through the aperture are 
removed by the deflectors, leaving a pure beam of fast 
atoms. 
B. Energy analyzer 
The energy analyzer, schematically shown in Fig. 2, 
consists of an ionization chamber, retarding electrodes, 
and a Faraday cup. The two mesh electrodes used as re- 
tarding electrodes produce a uniform electric field with 
about SO%-90% transparency. The analyzer is completely 
surrounded by a grounded screen to exclude any stray 
charged particles. 
Energy distributions of the residual ions and fast atoms 
were measured with the apparatus shown in Fig. 2. When 
the FAB sourc,e deflectors and the ionization chamber are 
used, the residual ions are removed from the beam, allow- 
ing the energy distribution of only the fast atoms to be 
measured. Some of the fast atoms are ionized in the ion- 
ization chamber and then pass into an energy analyzer of 
the retarding potential type. When the FAB source deflec- 
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FIG. 1. Schematic diagram of FAB source. 
tors and the ionization chamber are not used, the energy 
distribution of the residual ions in the beam can be mea- 
sured. The beam entering the analyzer contains fast atoms 
and residual ions. However, since the ionization chamber is 
not used, the fast atoms are not ionized. Thus, they do not 
contribute to the current entering the Faraday cup. In this 
way, the energy distribution of only the residual ions can 
be measured. Using these two measuring conditions allows 
us to measure the energy distribution of both residual ions 
and the fast atoms in the beam emitted from the FAB 
source. The current in the Faraday cup, i, is recorded with 
an X-Y recorder as a function of retarding voltage u, and 
the corresponding energy spectrum is obtained by differ- 
entiating the curve (-di/dv). 
Ill. EXPERIMENTAL RESULTS 
The energy distributions of the residual ions and fast 
atoms are compared in Fig. 3. In both cases, the main peak 
in the energy distribution coincides with the discharge volt- 
age of the FAB source. This suggests that the kinetic en- 
ergy of the original ions is retained when they become fast 
atoms. Thus, the fast atom beam is produced by collisions 
with no energy losses. Therefore, fast atoms are probably 
formed from resonant charge-transfer collisions and 
electron-ion recombinations near the beam-emitting aper- 
ture. Since the energy distributions of the residual ions and 
the fast atoms, shown in Fig. 3, are so similar, in the re- 
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FIG. 3. Energy distributions of residual ions and fast atoms. 
maining experiments only the ion beam (residual ions in 
the beam) was measured. 
The energy distributions for two different gas pressures 
are compared in Fig. 4. In both cases, the discharge voltage 
was about 2.1 kV. For an Ar gas pressure of 2.7 X 10-s 
Pa, the beam neutralization coefficient (proportion of en- 
ergetic neutral particles in the beam) is about 60%, so the 
beam only contains 40% residual ions and the kinetic en- 
ergy of the fast atoms is nearly equivalent to the discharge 
voltage. For a pressure of 8 X low2 Pa, on the other hand, 
the beam neutralization coefficient is 95%. The energy 
spectrum is broader with a half-width of 600 eV, and the 
peak appears at about 25% of the discharge voltage. There- 
fore, the potential distribution inside the FAB source when 
the gas pressure is high, is very different from when the gas 
pressure is low, and the number of ions formed in the 
lower-potential space increases. Furthermore, the kinetic 
energy of these ions is retained when they become fast 
atoms. 
The energy distributions for various discharge voltages 
are compared in Fig. 5. In each case, the main peak occurs 
at an energy equivalent to 94%-98% of the discharge volt- 
age and the half-widths of the main peaks are all about 100 
eV. A much smaller peak appears at about 80%-85% of 
the discharge voltage, and lower energy peaks at 25%- 
30% are also just visible in the 1.5 and 2.1 kV spectra. The 
‘j; Discharge voltage 2.1 kV .f: c Discharge current 4 mA 3 
d 
3 Ar gas pressure 2.7~10.‘Pa 
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FIG. 2. Schematic diagram of energy analyzer. FIG. 4. Energy distribution of fast atoms at two Ar gas pressures. 
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FIG. 5. Energy distribution of fast atoms at various discharge voltages. 
ratio of the side peak energy to main peak energy is almost 
the same in each case. Consequently, the energy distribu- 
tion of fast atoms is closely related to the potential distri- 
bution in the FAB source. 
The energy distributions for various discharge currents 
are compared in Fig. 6, for a constant discharge voltage of 
2.1 kV. Clearly, the fast atom intensity is weaker for a 
smaller discharge current and stronger for a later one. The 
results show that the number of fast atoms emitted from 
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FIG. 6. Energy distribution of fast atoms at various discharge currents. 
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FIG. 7. Energy distribution of fast atoms for two different electrode con- 
figurations. 
the source increases as the discharge current increases, but 
the energy distribution of the fast atoms is constant. In 
addition, a low energy peak is also visible when the dis- 
charge current is high, but the reason for this is not yet 
clear. 
The energy distributions are compared in Fig. 7 for 
different FAB source electrode configurations, for a con- 
stant FAB source discharge voltage of 1.5 kV. The energy 
distributions for a twin-rod anode configuration and a ring 
anode are similar, indicating that the potential distribu- 
tions of the source are almost the same. 
The energy distributions for various gases (Ar, CF,, 
02, and 02/CF4) are compared in Fig. 8.9 Since all the 
main peaks nearly coincide the energy distribution is vir- 
tually independent of the type of gas. 
IV. DISCUSSION 
The results of this study show that the energy distri- 
bution of fast atoms produced by an FAB source is almost 
completely independent of discharge voltage, discharge 
current, electrode configuration, and the gas. The energy 
distribution almost entirely depends on the pressure of the 
gas in the FAB source. Therefore, we next look at the 
influence of ion-gas collisions on the energy distribution of 
fast atoms. 
In general, when ions reach the boundary between 
glow and the ion sheath in a source, they have the same 
kinetic energy as the sheath voltage. These ions are then 
accelerated toward the beam-emitting aperture and un- 
dergo collisions either with or without charge transfer. 
These collisions have a strong effect on the glow discharge 
process since they modify the energy distribution of the 
particles striking the target and substrate.” In charge- 
transfer collisions, the kinetic energy of the ions is retained 
when they become energetic neutral particles, i.e., fast at- 
oms. *’ Among the charge-transfer collisions, symmetrical 
resonant charge transfer is the most efficient process.13 
This process has a larger cross section (and thus a larger 
probability) when its accelerated ions and thermal-energy 
neutral are the same atomic or molecular species. 
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FIG. 8. Energy distribution of fast atoms for various gases. 
Let No be the number of ions accelerated toward the 
cathode. Then N, the number of ions that reach the aper- 
ture with full energy, is proportional to the probability that 
the ions will travel a distance, L, without collision. Figure 
9 shows N/N, [ =exp( -L/A.)] vs L/A.; where L//z is the 
ratio of the cathode sheath thickness to the mean free path 
of the ions in the source. The mean free path d for charge 
FIG. 9. Proportion of ions that reach the cathode electrode with full 
energy as function of L/A.. 
transfer between accelerated ions and thermal-energy neu- 
trals is given by 
A.= l/n Q, (1) 
where n is the density of neutrals (the number per m3) and 
Q is the cross section for charge-transfer collision between 
accelerated ions and thermal-energy neutrals. Given a gas 
pressure PO in pascals, the density of neutral molecules 12, is 
n=2.47~ 10” P,,. (2) 
The gas pressure of the source, PO, can be roughly esti- 
mated from the gas pressure PI in the vacuum chamber, 
the conductance of the beam-emitting aperture, and the 
pumping speed. The gas pressures in the source are 0.5 and 
15 Pa for chamber pressures P, of 2.7 X 10e3 and 8 
X lo-’ Pa. From Eqs. (1) and (2), the mean free paths in 
these two cases are about 40 and 1.4 mm. The cross section 
Q for charge exchange between Ar ions and Ar neutrals is 
about 20.0 X 10e2’ m2 at a 1 keV ion energy.t3 Further- 
more, in a typical ion source, the sheath thickness L is 
between 0.1 and 1 mm.” In these experiments, we assumed 
L to be 1.0 mm. For chamber pressures of 2.7 X 10m3 and 
8 x 10m2 Pa, L/A is as indicated in Fig. 9. 
When the gas pressure is low (PI = 2.7 X 10e3 Pa), 
the ions rarely collide until they reach the beam-emitting 
aperture, and ions having almost the same kinetic energy 
as the discharge voltage are accelerated toward it. Ion neu- 
tralization probably occurs near the aperture through 
charge-transfer collisions with no energy losses, or through 
the ions recombining with low-energy electrons. When the 
gas pressure is high (8 x lo-” Pa), the accelerated ions 
collide frequently with the’ gas molecules and lose energy. 
These charge-transfer collisions and recombinations create 
fast atoms with lower energy. This hypothesis is confirmed 
by the experimental results shown in Fig. 4. 
Additional experiments were performed to investigate 
how energetic neutral particles are produced. A filament 
was attached to the outside of the beam emitting aperture 
of the FAB source, and we estimated the proportions of the 
electron-ion recombinations that result from residual ions 
emitted by the source and from thermal electrons. The 
beam current density (ion equivalent) and beam neutral- 
ization coefficient, both gradually increase as the filament 
current is increased, as shown in Fig. 10. The neutraliza- 
tion coefficient increases by about 10%; therefore about 
10% of the ions in the beam were neutralized as a result of 
residual ions recombining with thermal electrons emitted 
by the filament. This suggests that only a small percentage 
of beam neutralization is due to electron-ion recombination 
process. Therefore, the high neutralization coefficient 
(when the filament current is zero, the neutralization co- 
efficient is about 70% for a gas pressure of 3 x 10h2 Pa) 
of the FAB source suggests that symmetrical resonant 
charge-transfer collisions are dominant over electron-ion 
recombinations in the formation of fast atoms in the FAB. 
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FIO. 10. Dependence of beam current density (ion equivalent) and beam 
neutralization coefficient (proportion of energetic neutral particles in 
beam) on filament current. The increase in neutralization coefficient cor- 
responds to an increase in the proportion of electron-ion recombination in 
the fast atom formation. 
V. CONCLUSION 
The energy distribution of fast atoms in an FAB is 
almost completely independent of the discharge voltage, 
discharge current, electrode configuration, and gas. It de- 
pends almost entirely on the gas pressure of the FAB 
source. When the gas pressure is l&w (L <I), the main 
peak of the distribution coincides with the discharge volt- 
age. This suggests that the fast atoms are formed by both 
charge transfer collisions and by the accelerited ions re- 
combining with low-energy electrons near the beam- 
emitting aperture of the FAB source. When the gas pres- 
sure is high (L > /2), the peak energy level is about 25% of 
the discharge voltage and has a broader spectrum. Fast 
atoms are mainly formed by charge-transfer collisions, 
which are dominant over electron-ion recombination. 
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